The characterization of glycosylation is required for many protein therapeutics. The emergence of antibody and antibody-like molecules with multiple glycan attachment sites has rendered glycan analysis increasingly more complicated. Reliance on site-specific glycopeptide analysis is therefore necessary to fully analyze multi-glycosylated biotherapeutics. Established glycopeptide methodologies have generally utilized a priori knowledge of the glycosylation states of the investigated protein(s), database searching of results generated from data-dependent liquid chromatography-tandem mass spectrometry workflows, and extracted ion quantitation of the individual identified species. However, the inherent complexity of glycosylation makes predicting all glycoforms on all glycosylation sites extremely challenging, if not impossible. That is, only the "knowns" are assessed. Here, we describe an agnostic methodology to qualitatively and quantitatively assess both "known" and "unknown" sitespecific glycosylation for biotherapeutics that contain multiple glycosylation sites. The workflow uses data-independent, all ion fragmentation to generate glycan oxonium ions, which are then extracted across the entirety of the chromatographic timeline to produce a glycan-specific "fingerprint" of the glycoprotein sample. We utilized both HexNAc and sialic acid oxonium ion profiles to quickly assess the presence of Fab glycosylation in a therapeutic monoclonal antibody, as well as for high-throughput comparisons of multi-glycosylated protein drugs derived from different clones to a reference product. An automated method was created to rapidly assess oxonium profiles between samples, and to provide a quantitative assessment of similarity.
Introduction
Protein glycosylation plays an important role in a variety of cellular functions, and most protein-based biotherapeutics contain sites along the protein backbone where heterogeneous glycan moieties reside.
1,2 Modulation of effector functions via Fc glycosylation has been shown to affect target cell killing mechanisms such as antibody-dependent cell-mediated cytotoxicity and complement-dependent cytotoxicity. [3] [4] [5] Therefore, since glycosylation is a determinant of function and efficacy for therapeutic proteins, it is imperative to fully characterize all glycoforms and glycosylation sites during drug development.
Monoclonal antibodies are the most commonly prescribed biotherapeutic agents, and usually contain only one N-glycosylation site on the Fc domain of the protein. Therefore, reducing end modification of enzymatically released N-glycans, followed by high performance liquid chromatography (HPLC) remains a popular technique for glycan characterization. Many important classes of biologics, however, contain multiple sites of both N-and O-linked glycosylation. [6] [7] [8] [9] For example, many of the marketed Fc-fusion proteins contain five or more glycosylation sites. [6] [7] [8] [9] [10] By solely characterizing these complex molecules by glycan release-based methods, all glycans from different sites become pooled together, thus information on glycosylation site-specificity is lost. Furthermore, O-glycans still prove to be difficult to remove from the protein by both enzymatic and chemical procedures. [11] [12] [13] The most common methodology for characterizing proteins with multiple glycosylation sites is therefore by liquid chromatography-tandem mass spectrometry (LC-MS/MS) of protease-generated glycopeptides. Glycosylated species are then identified from masses that correspond to prior known glycopeptides or by searching fragmentation data (MS/MS spectra) against a database containing known peptide and glycan sequences. While these experimental workflows can work well for tailored experiments, complete characterization of all glycoforms and glycosylation sites is extremely challenging since it is currently impossible to predict all glycosylated species, and insufficient fragmentation patterns of glycopeptides hinders direct identification from MS/MS spectra.
Advances in glycopeptide identification have certainly been made through the utilization of alternative MS/MS techniques such as electron transfer dissociation (ETD) [14] [15] [16] [17] and ultraviolet photodissociation (UVPD) 18, 19 to improve the fragmentation information generated through MS/MS. Furthermore, dataindependent analysis (DIA) of glycopeptides has recently been applied to glycopeptide analysis to circumvent the traditional reliance on data-dependent acquisition (DDA) of LC-MS/MS data, [20] [21] [22] which relies on peak picking of the most abundant species from the MS1 spectra to initiate MS/MS, a process that can yield incomplete site-specific characterization. DIA techniques fragment all precursor ions in a specified m/z range, resulting in a potentially more complete and reproducible data procurement. Quantitation of the glycopeptides (identified by any MS means) is generally performed by ion extraction of individual glycosylated species from the MS1 or MS/MS data.
Targeting of low-mass, glycan-specific oxonium ions generated by various MS/MS techniques is an especially useful technique for deciphering glycopeptides from non-glycosylated species. These ions have been utilized in numerous advantageous approaches to qualitatively and quantitatively assess sitespecific glycosylation. 16, 17, [23] [24] [25] [26] [27] [28] However, oxonium ions have yet to be exploited to create agnostic profiles for high-throughput glycopeptide screening of multi-glycosylated therapeutics. Even with the substantial advancements made in glycoprotein analysis, it still remains difficult to unambiguously assign all potential sites of glycosylation and their associated glycans for complicated multi-glycosylated proteins. Therefore, only the known glycoforms and glycosylation sites are assessed during biotherapeutic characterization, which could be a potentially problematic analytical strategy, especially when developing drugs such as biosimilars. Traditional glycopeptide analysis, furthermore, is often labor intensive, requiring a substantial time commitment from an expert analyst(s).
In this study, we describe methodology capable of significantly enhancing comparisons of site-specific glycosylation profiles between multi-glycosylated biotherapeutics, especially for glycopeptides that prove difficult to predict or identify by traditional means. In this technique, glycosylated biotherapeutics are first protease digested into a mixture of peptides and glycopeptides, and are subsequently analyzed by LC-MS/MS. All ion fragmentation (AIF) DIA is incorporated into the MS workflow to generate glycan-specific oxonium ions that are extracted with high mass accuracy across the entirety of the chromatographic separation from the resulting mass spectra. These oxonium ion profiles are generated by separately extracting HexNAc and sialic acid oxonium ions, and an automated algorithm was created to rapidly quantify dissimilarity between profiles of a diverse array of multi-glycosylated antibody and antibody-like therapeutic proteins.
Results

Overview of oxonium ion profiling
Higher-energy collisional dissociation (HCD) of glycopeptides generates several diagnostic low-mass oxonium ions that can be used for both identification and relative quantification of glycosylated species. The typical oxonium ions observed include: HexNAc internal fragment (m/z 138), Hex (m/z 163), HexNAc (m/z 204), sialic acid-H 2 O (m/z 274), sialic acid (m/z 292), Hex + HexNAc (m/z 366), (among others). The HexNAc (m/z 204) ion is universal to all glycopeptides, and is produced at high abundance under elevated HCD conditions. The sialic acid-H 2 O (m/z 274) ion is also produced with high abundance, and represents a particularly important acidic sugar that has been shown to alter the antiinflammatory properties of therapeutic proteins. 29, 30 Therefore, these two ion species were employed to create the oxonium ion profiles used for biotherapeutic comparisons herein. An example mass spectrum and a zoomed-in version with illustrated structures of the HexNAc and sialic acid ions can be seen in Figure 1 .
The general workflow for oxonium ion profiling can be seen in Figure 2 . Glycosylated samples were first digested with trypsin into a mixture of glycosylated and unglycosylated peptides, which were subsequently analyzed by LC-MS/MS. It is worth noting that other enzymes, such as chymotrypsin and AspN, can also be employed for generating glycopeptides, depending on the desired level of experimental rigor. However, trypsin alone is often adequate for producing peptides with acceptable sizes at all glycosylation sites. Reversedphase chromatography was then utilized for separating the various peptide species, and therefore specific glycosylation locations could largely be distinguished since hydrophobic interactions of the peptide moiety with the stationary phase will be most responsible for glycopeptide separations. The mass spectrometer was set to accommodate both AIF DIA as well as conventional DDA scan events into a single LC-MS/ MS run for optimal sample characterization efficiency; the time contribution of one DIA scan event per cycle of a typical "top-N" DDA experiment is quite low. To produce the oxonium ion profiles, the glycan-specific oxonium ions were extracted across the entirety of the chromatographic separation from the resulting DIA mass spectra. The mass accuracy tolerance for ion extraction was ± 0.01 Da for the experiments herein, and proved to be sufficiently specific for the targeted oxonium ions as no obvious interferences were observed.
Rapid identification of fab glycosylation
In a straightforward and direct application of the proposed methodology, the oxonium ion technique was utilized to rapidly detect the presence or absence of Fab glycosylation, as seen in Figure 3 . The HexNAc oxonium fingerprint of mAb1 in Figure 3A illustrates that only one site of glycosylation is present, which elutes at the same retention time as the conserved Fc N-linked glycopeptides. In contrast, Figure 3B shows two distinct retention time regions with clustered glycopeptide species for mAb2, and highlights the method's ability to quickly screen for less predictable glycosylated species. Since Fc glycopeptides elute at a distinct retention time that is common across antibody species, no standards are necessary for rapid screening of Fab glycosylation to inform decision making for biotherapeutic development. A more exhaustive and retention-time targeted database searching procedure was then initiated on the accompanying DDA spectra, revealing that indeed, the detected glycopeptides were from the Fab region (data not shown). In this example, both protein sequences of mAb1 and mAb2 were known; however, for biotherapeutics with less clear Fab sequences and more potential sites of glycosylation, the use of database searching often becomes significantly less effective.
High-throughput clone comparisons of multi-glycosylated biotherapeutics
The next application of the oxonium ion profiling method was for high-throughput screening of various clones to multiple replicates of an established Fc-Fusion1 reference, a multi-glycosylated biologic (~100 kDa) with three N-linked and two O-linked glycosylation sites. Four different clones, "Clone_1", "Clone_2", "Clone_3", and "Clone_4", and three replicate reference samples, "Ref_1", Ref_2", and "Ref_3", were assessed in this and subsequent sections. Figure 4A , 4B, and 4C highlight the differences between the base peak chromatogram, HexNAc oxonium ion profile, and sialic acid oxonium ion profile, respectively, of an example Fc-Fusion1 reference sample. The base peak chromatogram (MS1) and oxonium fingerprints were extracted from the same trypsin digestion and LC-MS/MS run. Fc-Fusion1 has five major glycosylation sites, and therefore a significant portion of the protein sequence is decorated with glycoforms. The base peak chromatogram, however, was still dramatically different than both oxonium ion profiles since unglycosylated peptides will usually ionize considerably better than the glycopeptides. Furthermore, each site of glycosylation will be made up of many glycoforms, thus dividing the glycopeptide signal. The HexNAc and sialic acid oxonium profiles show four distinct areas where the different glycosylation sites elute. It is worth noting that glycosylation sites 2 and 3 elute in the same general region due to their close sequence proximity, which yields glycopeptides containing both sites. Obvious differences were observed between the two oxonium profiles. As expected, the sialic acid fingerprint has fewer peaks since not all glycoforms will contain sialic acid, yet it also has a different signal distribution between sites compared to the HexNAc profile (e.g., site 1 is lower). Matching both oxonium profiles would be ideal when assessing the similarity between samples.
An important aspect of the oxonium ion profiling technique is its ability to potentially detect unknown/unpredicted glycosylated species. To compare to the oxonium profiling methodology, the Fc-Fusion1 clone and reference samples were analyzed by conventional targeted analysis of previously identified glycopeptides and by a database searching strategy that identifies glycopeptides using Byonic. 31, 32 Figure S1 shows the relative quantitation of the most abundant glycoforms at each glycosylation site. Figure 5 , conversely, displays the expanded, site-specific HexNAc oxonium ion profile comparisons of the site 1 glycopeptides for a Fc-Fusion1 reference, Clone_2, and Clone_4. The known glycoforms that were identified are labeled in the top profile. Interestingly, unknown glycopeptide species were detected in Clone_2 that were not detected by either conventional analysis or by glycopeptide database searching (data not shown). The unknown glycopeptides could be from glycosylation at an unexpected protein site, unpredictable protein modification, or from a glycopeptide containing an unusual glycan; importantly, these species were not observed with sufficient abundance in the reference sample. On the other hand, the HexNAc oxonium ion profile of Clone_4 exhibits obvious similarity to the reference protein. The two clones, Clone_2 and Clone_4, interestingly showed relatively similar glycopeptide abundance percentages for site 1 when assessed by the conventional targeted method (see Figure S1 ). Figure S2 illustrates another site-specific oxonium ion profile comparison for Fc-Fusion1 reference, Clone_4, and Clone_2. In this example, site 4 was assessed. Unknown glycopeptide species were again detected, but this time for Clone_4, whereas Clone_2 was highly similar to the reference protein. The conventional targeted method was developed using the reference protein (a typical strategy), and therefore the non-fucosylated glycopeptides circled in red were not targeted in the clone screening. These species were detected by Byonic database searching, and were observed discernibly in the oxonium ion profile. In this example, Clone_4 had several glycoforms that were substantially different from the reference sample, as well as Clone_2 by conventional targeted analysis ( Figure S1 ), a result that agrees well with the HexNAc fingerprints. Both site-specific examples highlight the power of the oxonium ion profiling technique, and the ability of the method to make meaningful comparisons between samples. The examples also illustrate the challenge of matching all glycosylation sites to a reference protein since certain clones will be more similar at some sites, but more dissimilar at others. Therefore, it is critical to have methodology that can better detect and quantify all potential differences.
Automated similarity assessment from oxonium ion profiles
While visually assessing the oxonium profiles may be sufficient for some applications, a rapid and automated assessment of profile similarity between numerous samples will often be warranted. Thus, we created an algorithm that quantifies the differences of each section of the oxonium profile between samples. All data is directly input into the program, smoothed via locally weighted smoothing (LOESS) and parametric time warped to eliminate retention time discrepancies between samples. Differences in ion abundances at every second are calculated between a set of profiles. Figure 6 illustrates the overlaid HexNAc and sialic acid oxonium ion chromatograms of all Fc-Fusion1 reference and clone samples after LOESS smoothing and parametric time warping. The corresponding unprocessed profiles can be found in Figure S3 . Selection of the LOESS smoothing parameters by cross-validation is illustrated in Figures S4 and S5 , and the parametric time warping effect on HexNAc and sialic acid profiles is illustrated in Figures S6 and S7 , respectively.
The overall glycopeptide similarity assessment is shown in Figure 7 , indicating significant variations in oxonium fingerprints across samples. To compare between methods, a global difference value was calculated from the conventional targeted results ( Figure S1 ) by summing all relative abundance differences for each glycoform at every glycosylation site. Only the sialylated species were used to calculate the differences shown in Figure 7D . For all heat maps, pairs of samples that were the most similar have increasingly purple colors, while those that were the most dissimilar were increasingly peach colored. Replicates of the references (Ref_1, Ref_2, and Ref_3) were shown to be highly similar for the oxonium ion profiles, illustrating a suitable degree of method reproducibility. Conversely, each clone had varying degrees of resemblance to the reference Fc-Fusion1; interestingly, clones that were more similar to reference samples for the HexNAc profiles were often more dissimilar for the sialic acid profiles (comparing Figure 7A to 7C). The similarity assessment of the conventional targeted data exhibited noticeably less discriminating power between the samples as compared to the oxonium profiles (e.g., conventional analysis yielded reference samples less similar to each other and more similar to the clones). The trends in similarity between the two methods were in agreement for some pair-wise comparisons, and in disagreement for others. For example, Clone_1 and Clone_3 were shown to be highly similar for each method; however, Figure 2 . Experimental workflow of the oxonium ion profiling methodology. The spectrum at the bottom of the figure shows the extracted HexNAc oxonium fingerprint; however; other glycan oxonium ions can also be extracted such as that for sialic acid. The blue squares, green circles, and yellow diamonds represent HexNAc, Hex, and sialic acid sugars, respectively.
Clone_1 and Clone_4 were dissimilar by HexNAc oxonium profiling and similar by conventional analysis. A high degree of agreement across all analyses would be ideal to verify that an investigated sample is truly interchangeable with the reference protein.
As a final assessment of the oxonium ion profiling method, the automated assessment tool was applied to quantify dissimilarity between samples site-specifically. That is, the HexNAc and sialic acid profiles were divided into sections that represent the various glycosylation sites, and were applied to calculate the differences between the Fc-Fusion1 reference and clone samples. The results can be seen in Figure S8 . While significantly more complicated than the global profile comparisons illustrated in Figure 7 , these comparisons provide a higher level of resolution for glycopeptide differentiation. For example, the site-specific automated assessment in Figure S8 confirms that Clone_4 was more similar to the references as compared to Clone_2 for the site 1 HexNAc oxonium ion profiles, and that the opposite was true for site 4, a trend that was previously seen qualitatively in Figure 5 and Figure S2 . LOESS smoothed and time warped oxonium ion profiles zoomed-in for each glycosylation site can be seen in Figure S9 and S10 (HexNAc and sialic acid, respectively).
Discussion N-linked Fc glycosylation is well conserved across IgG subclasses; therefore, glycopeptide identification at this site is fairly straightforward. Fab glycosylation characterization, conversely, is not as clear-cut-there are numerous amino acid combinations that can be present in the Fab variable region.
For example, it would be impossible to predict all the Fab sitespecific glycosylation in intravenous immunoglobulin (IVIG) since the IgGs are pooled from thousands of plasma donors. 33 It is also hard to foresee how a given expression system affects Fab glycosylation of recombinantly produced antibody and antibody-like therapeutics. The importance of this type of glycosylation is underscored by its ability to modulate IgG antigen binding and affect the anti-inflammatory properties of IVIG. 34 Another challenging type of glycosylation present in a variety of immunoglobulins, O-glycosylation, 35 is especially hard to predict because a consensus amino acid sequence motif has not been identified. Therefore, new methods that can better characterize the presence of these challenging glycosylation varieties are warranted.
The oxonium ion profiling technique presented herein provided a high degree of differentiating power for multiglycosylated biotherapeutics. The conceivable benefits of this agnostic methodology include: 1) all precursor ions are fragmented collectively by DIA; therefore, peak picking inconsistencies and high ion abundance bias are a non-issue, 2) a priori assumptions about the presence of specific glycosylated species are not required, which better ensures that unknown glycopeptides contribute signal to the overall measurement of similarity, and 3) profile similarity can be quickly and directly assessed between samples (e.g., a reference protein compared to a biosimilar). That is, while it may be impossible to unambiguously predict or identify all glycopeptides in a given sample, the unknown glycosylated species can at least be specifically and reproducibly quantified between samples. We utilized this data-independent technique to rapidly compare HexNAc and sialic acid oxonium ion profiles between various monoclonal antibody and Fc-fusion protein samples. An automated similarity assessment algorithm was developed to quantitatively evaluate pair-wise sample comparisons both globally and site-specifically. In its entirety, the automated similarity assessment results illustrated the utility of using both HexNAc and sialic acid oxonium ion profiles (global and site-specifically), as well as targeted conventional analysis when the most comprehensive comparison between samples is warranted. Being that the AIF DIA scans to generate the oxonium ion profiles can be added directly to conventional DDA analyses, and that the results can be quantitated automatically, the additional time commitment to produce these fingerprint comparisons is quite low.
Furthermore, since the differentiation of specific glycosylated species is highly dependent on glycopeptide separation, the oxonium profiling methodology could further be advanced by utilizing more sophisticated HPLC methods. Techniques such as mixed-mode 36 or two-dimensional 37, 38 chromatography could be directly coupled to the oxonium profiling workflow to facilitate even higher resolution characterization of complex therapeutic proteins.
Materials and methods
Materials
Fc-Fusion1, mAb1, and mAb2 are therapeutic proteins that were produced recombinantly using a variety of expression systems and conditions. Trypsin Gold was procured from Promega (Madison, WI), and all lab supplies were purchased from Fisher Scientific (Pittsburg, PA).
Sample preparation
Biotherapeutic aliquots (100 µg) were diluted to 1 mg/mL with 6 M guanidine HCL in 20 mM sodium phosphate, 100 mM sodium chloride, pH 7.0, and denatured for 30 minutes at 37ºC. Disulfide reduction was performed by adding 5 mM dithiothreitol, and incubating for 80 minutes at 37ºC. Proteins were then alkylated with 12 mM N-ethylmaleimide for two hours in the dark at room temperature. Using Amicon 10 k spin filters (EMD Millipore, Billerica, MA), samples were buffer exchanged into 50 mM ammonium bicarbonate, and digested with 5 µg of trypsin (1:20 enzyme to substrate ratio) for 19 hours at 37°C. Protease reactions were quenched with 2.5% formic acid.
LC-MS/MS
Tryptic peptides (4 µg) were injected onto a 2.1 × 50 mm (1.7 µm particle size) AQUITY BEH C 18 column (Waters, Milford, MA) heated at 50ºC using a Dionex Ultimate 3000 RSLCnano (Santa Clara, CA) system. Eluent A and B were 0.1% formic acid in water and 0.1% formic acid in acetonitrile, respectively. Gradient elution was performed at a flow rate of 50 μL/min as follows: linear gradient of 3% eluent B at zero minutes, 7% eluent B at 3 minutes, 13% eluent B at 20 minutes, 28% eluent B at 40 minutes, 35% eluent B at 60 minutes, 50% eluent B at 70 minutes, 80% eluent B from 80 to 90 minutes, and 3% eluent B from 92 to 110 minutes.
The LC system was coupled to a Thermo Scientific Q Exactive (Bremen, Germany) for mass spectrometric analysis. The instrument was operated to accommodate both dataindependent and data-dependent acquisitions in a single run. DDA was performed as follows: MS1 events were comprised of the positive mass scan at a range of 400-2000 m/z followed by one HCD event at 25% normalized collision energy (NCE) on the most abundant ion from the first event. Dynamic exclusion duration was 20 s with a single repeat count, and charged species ≥ 7 were excluded. DIA was performed using AIF at a range of 200-2000 m/z, and a NCE of 35%. The time needed to get through one cycle of MS1, HCD, and AIF events was approximately one second. The electrospray ionization voltage was set to 3.32 kV, capillary temperature was 250ºC, sheath gas was 15, and the S-Lens RF level was set to 50 for all analyses. Resolution was 35,000 for MS1 scans, and 17,500 for DDA MS/MS and DIA AIF scans. AGC was set to 1E6 with a maximum injection time of 250 ms for both MS1 and DIA AIF, and AGC was 2E5 with a maximum injection time of 80 ms for DDA MS/MS. An isolation window of 4 m/z was used for DDA MS/MS scans. MS1, DIA AIF, and DDA MS/MS spectra were produced from 5, 3, and 1 microscans, respectively.
Data analysis
HexNAc and sialic acid oxonium ion profiles were generated by extracting the m/z range of 204.08-204.10 and 274.08-274.10, respectively, across the entire data-independent acquisition for each sample.
Conventional targeted glycopeptide analysis was performed by mining LC-MS/MS files of the most abundant known glycoforms and glycosylation sites. Skyline (version 3.5.0.9320) was used to create extracted ion chromatograms (XICs) of each individual species. Results were then reported as a relative abundance percentage for each individual glycosylation site.
Database searching analysis was performed using Byonic, 31 ,32 similarly as previously described. 39 In short, LC-MS/MS files were searched against a protein database composed of the protein of interest. Trypsin was used as the enzyme with up to two allowable missed cleavages. Mass tolerances of 10 ppm and 0.02 Da were used for MS1 and MS/MS spectra, respectively. N-Ethylmaleimide of cysteine was set as a fixed modification for the searches, and glycan databases consisting of 118 N-glycans and 6 O-glycans were used by Byonic for identifying glycopeptides.
The automated similarity assessment tool was created in the R programming language. 40 Thermo .RAW files were converted to MGF format and loaded into R using MSnbase library, 41 and extracted ion chromatograms of m/z 204.08-204.10 and 274.08-274.10 were generated from the data-independent scans. The resulting oxonium ion profiles were then smoothed by LOESS 42 and adjusted for differences in retention time by parametric time warping. 43, 44 The dissimilarities between each pair of Figure 6 . Overlaid (A.) HexNAc and (B.) sialic acid oxonium ion profiles of multiple Fc-Fusion1 reference and clone samples with LOESS smoothing and parametric time warping. The spectra illustrate significant differences in glycopeptide profiles between samples. All chromatograms were normalized to the maximum ion intensity.
samples were calculated as the sum of the absolute differences between resulting oxonium ion relative abundances from 0-80 minutes. For the site-specific calculations, the sample dissimilarities were calculated over time intervals of 0-20 minutes (glycopeptide site 1), 20-36 minutes (glycopeptide site 2/3), 36-55 minutes (glycopeptide site 4), and 55-80 minutes (glycopeptide site 5). Heat maps were generated from the 2-way comparison of all Fc-Fusion1 samples, and were clustered using average linkage. For direct comparisons to the oxonium ion profiling results, sample dissimilarities from conventional targeted analysis were calculated as sums of absolute differences between relative abundances (normalized to the highest area count) for each individual glycopeptide. Additional computational details and R session information can be found in Supplemental Material. 
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